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I. INTRODUCTION

E
LECTRON spin resonance (ESR) spectroscopy, i.e., electron paramagnetic resonance (EPR) spectroscopy, is an important technique for the study of materials in biology, chemistry, and physics containing unpaired electrons [1] . Modulate external magnetic field (B ext ) while keeping electromagnetic radiation frequency ( f 0 ) constant has been the dominant ESR instrumentation method. The approach works in synergy with high quality factor (Q) single-frequency reflection (1-port) resonators to achieve high ESR sensitivities [2] .
Nevertheless, the narrow ESR operating frequency range, which is mainly limited by the high-Q resonator, makes it difficult to study less conventional magnetic materials, such as those with large zero-field splitting or numerous magnetic transitions [3] , for which measurements at a single ESR frequency might not be sufficient to elucidate the level structure [4] , [5] . In order to observe field-induced spin level crossing or anticrossing, which often has unknown energygap values, it is also desirable to have a broadband spectrometer that is tunable over a wide frequency range [6] . To address these problems, ESR techniques with tunable resonators [3] , [6] and non-resonant devices, such as transmission lines [4] , [7] , [8] , small coils [9] , and antennas [10] , have been reported. However, the tunable resonators are a problem when investigating processes that involve both low frequency and high B ext [4] , [6] , since large resonator sizes often limit the available B ext ; non-resonant devices usually result in compromised ESR sensitivity [10] even though increasing filling factors helps make up for some of the loss [9] . Another challenge is quantitative ESR measurement [11] , [12] , which involves accurate calibration of each ESR system component and careful match consideration between standards and test samples [13] .
Recently, we demonstrated a tunable interferometer which operates from 10 MHz to 40 GHz [14] with effective quality factors (Q eff ) up to 10 8 [15] . The interferometer is effective for highly sensitive and broadband quantification of dielectric material permittivity values, i.e., εÔωÕ ε
with vector network analyzer (VNA) measurements [16] - [18] .
In this paper, we show that such a tunable microwave interferometer can be modified and used with a VNA to build broadband ESR systems. High-resolution tuning of the interference process enables accurate measurement of frequencies and direct measurement of ESR absorption. Thus, broadband, sensitive, and quantitative ESR measurements are obtained. This paper is arranged as follows. Section II describes the design consideration of the broadband ESR system. Section III presents measurement results. Section IV includes discussions and conclusions. Fig. 1 shows a schematic of the ESR system in frequency sweeping operation. The set-up includes an interferometer (the components connected with blue solid lines), a VNA (model R&S ZVA50 calibrated with an Agilent 85052d kit), and an electromagnet (GMW 3470) (the three components connected with green dashed lines). The interferometer consists of two broadband Wilkinson power dividers (PD), a tunable phase shifter (φ) and an attenuator (R). Similar to the operation of the dielectric spectroscopy system [14] , the phase shifter is used to tune the phase of radio frequency (RF) reference wave waves are well balanced to obtain very low S 21 min values for high-sensitivity ESR operations. The interferometer arrangement in Fig. 1 resembles that of a microwave bridge, which is widely used in ESR instrumentation for high-sensitivity measurement [11] , [19] . Nevertheless, there are a few major differences, which include the use of a destructive interference process, the exploitation of high-resolution tuning (e.g., down to 10 ¡4 dB for attenuation), and the employment of harmonic frequency operation. Specifically, the attenuator in Fig. 1 is for sensitivity (i.e., S 21 min ) tuning whereas the attenuators in a conventional bridge are used to avoid ESR saturation at the resonator and to optimize ESR signal detector performance. As a result, lower than ¡90 dB of S 21 min is easily obtained for the set up in Fig. 1 with 0 dBm power from port 1 and at 100 Hz measurement intermediate frequency (IF) . The outstanding S 21 min enables much more sensitive measurements than the ¡60 dB achieved in [20] . Such fine tuning and direct measurement of ESR absorption have not been reported for bridge circuits [4] , [21] or optical interferometer ESR detections [5] . Additionally, the phase shifter in Fig. 1 is for operating frequency f 0 tuning, whereas the phase shifter in the reference arm of a conventional ESR microwave bridge is used to ensure that the reference arm microwaves are in phase with the ESR microwave signals when the two signals combine at the detector [11] .
II. ESR SYSTEM DESIGN CONSIDERATIONS
For the VNA in Fig. 1 , it functions as a ESR microwave source and signal detector, similar to the VNAs or the digital detection systems in previously reported ESR efforts [22] - [24] . At port 2 of Fig. 1 (when S 21 is measured), the output of the interferometer can be approximated as
where the first term is ESR signal A ESR , and the second is the remaining probing wave due to non-ideal tuning. As long as A remain is much smaller than ESR signal, A output is essentially A ESR . It is accurately and directly measured by the VNA. Since the remaining power level is S 21 min in Fig. 1 , thus, a ¡90 dB value indicates that a pico-Watt ESR absorption power can be directly detected. This is equivalent to the power absorbed by 10 8 spins at resonance at room temperature [25] . It is significantly more sensitive than the nanoscale thermocouple [26] . When A remain is relatively large, which is the case for broadband transmission line systems [4] , [7] , [8] , the ESR signal is overwhelmed, and the VNA may suffer from nonlinearity effects due to the so-called Townes noise in submillimeter spectroscopy [27] . Such noise is a challenging issue for all heterodyne detectors, including the most sensitive ESR detectors [19] . Therefore, the new method in Fig. 1 can help resolve ESR sensitivity, frequency coverage, and quantification problems.
Two RF structures, a planar micro-strip resonator (MR) . The RF magnetic field distribution of the MR is similar to that in [28] . In ESR measurement, MUT 2,2-diphenyl-1-picrylhydrazyl (DPPH) is placed in the micro-coil. Fig. 2 (c) shows its equivalent circuit. Inductance L and resistance R include DPPH contributions. Fig. 2(d) shows that the resonance is centered at 7.6 GHz with an unloaded quality factor Q 0 f 0 ß f 3dB 19, where f 0 is the resonant frequency and f 3dB the 3-dB bandwidth. The measurements in Fig. 2 (d) agree with simulations reasonably well. Fig. 3 shows the MML for broadband ESR investigations. A meandered, instead of straight, MML is used due to the requirement of orthogonal RF magnetic fields to B ext for ESR interactions, illustrated in Fig. 3(b) . Fig. 3 (c) shows relatively high insertion loss, which is mainly due to high MML resistance ( 44 measured at dc). The high dc resistance mainly comes from its long length and thin gold film. Reflections make the insertion loss even worse than the simulated results. The insertion loss will reduce S 21 0 ( Fig. 1 ) and corresponding ESR sensitivity since each decibel of insertion loss is equivalent to 1 dB increase of device noise figure. The RF magnetic field distribution of the MML is non-uniform between two adjacent metal lines. Thus, only a fraction of DPPH powder is involved in ESR interactions. Nevertheless, the use of MML is necessary due to the small pole areas of the electromagnet used in this work. Within 1 mm 2 area at the center, B ext variation is 0.1%, i.e., 3G for 3000G B ext field. The variation further limits the amount of DPPH in effective ESR interactions.
The ESR interactions of DPPH with B RF and a given B ext yield a field dependent DPPH permeability 
where
e ß4k b T the static magnetic susceptibility, with κ 1 for Lorentzian lines, ω B gβ e B ext,0 ßh, B hÔω ¡ ω B Õßgβ e , and B RF 2B 1 cosÔωtÕ the RF magnetic field. The parameter τ 1 is the spin-lattice relaxation time, τ 2 the spin-spin relaxation time [29] , and N v the DPPH spin density, with N v 2 ¢ 10 27 spins/m 3 and τ 1 62 ns [30] . The dielectric spectroscopy system described in [14] has proven that the real part ε ½ changes the equivalent capacitance C of a piece of transmission line, and it will induce f in Fig. 1 . In the meantime, the imaginary part ε ¾ produces the magnitude change of the A MUT and S 21 min . Similarly, when ESR induces μ μ Fig. 2(c) , while μ ¾ contribute to the resistance R. So we expect f follows χ ½ , while S 21 min follows χ ¾ . Fig. 1 is built in advanced design system [32] with ideal circuit elements, including PDs, an attenuator, and a phase shifter. The .s2p files are used to represent the MML when there is MUT. The arrangement of these elements is the same as that in Fig. 1 . Since we are using the third harmonic in our experiment 
½ induced mismatches, as is observed in HFSS simulations. The latter can be attributed to propagation constant change due to μ ¾ [33] . Nevertheless, the results indicate that ESR dispersion and absorption signals are obtained simultaneously, unlike in standard continuouswave (CW) ESR and when source is locked to the cavity resonant frequency, only one of them is obtained.
III. ESR EXPERIMENT
In this experiment, an iterative process is followed: First, set the range and step size of the VNA frequency sweep with a 10 kHz IF. Corresponding integration time is 0.1 ms. Then, manually tune the attenuator and phase shifter in Fig. 1 to obtain the desired initial S 21 min at the desired initial f 0 while the dc magnetic field is on and at an initial value, B ext . These parameters will be the references for the measurement. After that, the dc magnetic field will be changed to the next value automatically through a control computer, which will also record the measured S-parameters after each dc field change. The control computer synchronizes the frequency sweeping of the VNA and magnetic field scan. In our measurement, each sweep takes 0.054 s. Therefore, the magnetic field changes every 0.054 s and no field modulation is used. We measure 700 data points, so it takes about 38 s to collect the whole spectrum.
A. Single-Frequency ESR With the Micro-Coil MR
The MR in Fig. 2 is incorporated into the ESR system in Fig. 1 . At 7.6 GHz, the interferometer is working at its third harmonic frequency, determined by the electrical length difference between the two branches. To overcome the difficulty in weighing sub-microgram DPPH for test, 400 μg DPPH powder is first dissolved into 200 μl toluene. Then 0.1 μl solution is dropped on to the micro-coil. The estimated DPPH is 0.2 μg (2.8 ¢ 10 14 spins). The microwave power from the VNA is 6 dBm. The initial S 21 min is tuned between ¡95 and ¡105 dB. Fig. 5(c) . Second, μ ½ causes dispersion and re-centers the working frequency of the resonator. Thus, it causes a S 21 MR at the measurement frequency, which induces an asymmetric S 21 min . Such phenomenon is mitigated when we substitute the resonator with the MML below, where the phase change is more linear to χ ½ and dispersion is less likely to produce a S 21 MML . 
B. Broadband ESR Operation
A two-step broadband ESR experiment is conducted to investigate the performance of the setup in Fig. 1 with MML. First, a frequency-domain ESR is conducted. A 4.5 mg DPPH (7.50 ¢ 10 18 spins) is applied to the MML [ Fig. 3(b) ], which is directly connected to the VNA, without the interferometer arrangement. Measurements are conducted with B ext fixed while the VNA frequency swept. Fig. 6(a) and (b) shows some typical results. Clear ESR signals are obtained, with symmetric S 21 and S 21 , as expected. Second, the MML is incorporated into the interferometer in Fig. 1 , with the same VNA setup but 6 μg DPPH (8.4 ¢10 15 spins). Measurements at 8.5, 9.5, 10.3, 11.3, and 12.3 GHz are performed by tuning the phase shifter in the reference branch, as shown in Fig. 7(a) . Fig. 7(b) shows typical S 21 at 12.3 GHz and different B ext . Fig. 7(c) and (d) shows the S 21 min and f versus B ext . Table I summarizes the measurement results at these five frequency points, which are arbitrarily selected to illustrate the broadband operation capability of the system. Any other frequency point between 8 and 13 GHz can be measured by tuning the phase shifter.
Compared with the results in Fig. 5(b) and (c), Fig. 7(c) and (d) shows that S 21 min asymmetry issue 
TABLE I
ESR MEASUREMENT RESULTS AT SELECTED FREQUENCIES mentioned above is mitigated, yet it still exists in f . This is because the μ ¾ can also introduce f as shown in Fig. 4 . In Fig. 5(b) , f was first downshifted and then upshifted when B ext increases. In Fig. 7(d) , f behaves oppositely. This difference was previously observed in measuring the dielectric material and is analyzed in [34] , where the difference is attributed to the slow-wave effect caused by the MR. Table I shows that the maximum signal magnitude S 21 min,0 and frequency shift f 0 increase with frequency. However, the linewidth B is not obviously frequency dependent. Nevertheless, the observed B is larger than the reported 2G [28] , probably due to B ext non-uniformity.
From Table I (a) Tuning system operating frequency with the phase shifter in Fig. 1 to 8 .5, 9.5, 10.3, 11.3, and 12.3 GHz (marked with circles). The unmarked minima on the curves indicate different interferometer harmonic frequencies, which can also be used for ESR measurements. difference between g MML and g MR may come from resonator induced line shift as shown in Fig. 5(b) .
C. Signal-to-Noise Ratio (SNR)
Different from conventional ESR techniques, which use the equivalent noise bandwidth of the lock-in amplifier for noise estimation [12] , [35] , we obtain the SNR from the measured results in Figs. 5(b), 6(a), and 7(c) by calculating the root mean square of S 21 min at the measurement interval where there is no ESR signal, as indicated in Figs. 5(b) and 7(c) . The specific expression of the noise is
with N 51. Then, the SNR The two MML ESR measurements achieve similar SNR despite 750 times more DPPH materials used for the conventional VNA-based measurements. The difference illustrates the performance enhancement of the interferometer in Fig. 1 .
D. Quantitative Permeability Calculation
When probing waves propagate along the reference line and MML line in Fig. 1 , the measured signal can be described as S 21 A remain e ¡ j Aß 2e
where the first term on the right is the phaser form of the remaining component in (1), L is the line length on which MUT is uniformly distributed, δα and δβ are MUT induced small attenuation and phase propagation constants, respectively. When a resonator is used, strong frequency dependent signal transmission is induced by the resonator itself. Thus, differentiate MUT effects from resonator induced changes may be very involved. Therefore, we will limit our following discussions to transmission line sensing structures. The DPPH drop on the MML's sensing zone in Fig. 3(b) can be approximated as a 1.6 mm ¢ 2 mm rectangle. It covers six MMLs and the total length is L 1.6 mm ¢ 6 9.6 mm. The height of the DPPH drop is estimated to be h m DPPH ß ρ S 1.3 μm, with ρ the density of DPPH 1.4 g/cm 3 .
Since the DPPH only occupies the surface of the MML and most of the RF fields are free from it, shown in Fig. 8, a filling factor q m,l M 1 ßM 2 [36] should be considered. Where M 1 is the field flux that passes through DPPH, and M 2 the total field flux
H Ôy, zÕdydz. The complex propagation constant of a MML is
With MUT induced additional attenuation constant as [33] 
For χ ½ , it induces propagation constant change
Corresponding extra phase is ϕ β L, which can be described as [34] Compared with other broadband methods, the approach in Fig. 1 achieved much higher sensitivity. For instance, 3 mg DPPH was used in [10] to achieve a similar SNR at low temperature, while Figs. 5 and 7 used 0.2 and 6 μg DPPH, respectively, at room temperature. Nevertheless, compared with field-modulation method, the micro-resonator-based ESR used 0.5 μg DPPH and obtained a 30 000 SNR (single frequency and room temperature) [28] , which is 100 times better than our results. Their reported sensitivity is also comparable to that of a commercial system (operates at low temperature).
However, the method in Fig. 1 has the potential to achieve a sensitivity comparable to or better than that in [28] . First, the resonator in Fig. 2 is 5 times larger in diameter (D) than the resonator in [28] , which could reduce ESR sensitivity by a factor of 4 due to the 1/D 0.8¡1 scaling [37] . Second, the resonator in [28] works at 14 GHz and has a Q value of 37 while the resonator in Fig. 2(a) is at 7.6 GHz with a Q of 19. Higher frequency [38] and higher Q [35] will result in higher sensitivities proportionally. Third, a 4G linewidth is observed in Fig. 5(b) while a 2G linewidth is reported in [28] . Additionally, operate the interferometer at fundamental frequency rather than third harmonic could further improve sensitivity by a factor of 5 [34] . Moreover, a 10 kHz VNA IF is used to obtain Figs. 5 and 7(a) and (c) while a locking time constant of 300 ms is used in [28] . With a smaller IF, our SNR can be further improved. These issues will be addressed in the future design for better ESR sensitivity operation. Furthermore, the used VNA in our experiment is not specifically designed for ESR measurement. Its noise performance is likely inferior to the electronic systems of an ESR instrument. For instance, our used R&S ZVA50 has an amplitude noise floor of ¡115 dBm when IF 10 Hz [39] and a phase noise of ¡100 dBc/Hz at 100 kHz offset [40] . Nevertheless, much better VNA noise performance is achievable with better signal sources and receivers. As a result, the sensitivity of the ESR method in Fig. 1 can be further improved.
Compared with conventional ESR methods [11] , the effects of MUT dielectric properties, including dielectric losses, can be tuned out with the phase shifter and attenuator in Fig. 1 . So they do not interfere with sensitive and accurate ESR measurements. Additionally, the method in Fig. 1 can be further developed for frequency-domain ESR operations and helps address some of the technology issues in current frequencydomain efforts, including the violation of "transfer of modulation" [10] , [41] - [43] . Thus, it enables the studies of materials which have B ext -dependent properties. Besides, the quantitative ESR is also promising to be a highly sensitive ferromagnetic resonance method to examine the dynamic properties of magnetic particles and thin films, among others [44] - [46] .
The ESR signals and sensitivity discussed above involve solid DPPH sample and room temperature operation. For practical ESR applications, however, concentration sensitivity of liquid samples and low-temperature operation are also important considerations. Linewidth broadening of liquid solutions often require more materials for detection. Limited analyte solubility means a large volume sample. However, the improved absolute ESR sensitivity will benefit the concentration sensitivity proportionally. At the same time, the structures in Figs. 2(a) and 3(a) are low-temperature compatible with potentially better performance due to lower loss.
In summary, the proposed broadband ESR technique utilizes a destructive interference process to remove strong RF probing signals at the output port, eliminates potential nonlinearity effects, and achieves high-sensitivity operations. Tunable phase shifters and attenuators are incorporated for convenient sensitivity and operating frequency tuning. A MR and a meandered MML are designed and built to demonstrate highsensitivity and broadband ESR operations with DPPH powder samples at room temperature. Both absorption and dispersion ESR signals as well as frequency dependent permeability values are obtained. The results show that the new ESR method is promising to help address the sensitivity, frequency coverage and quantification difficulties of current non-conventional ESR techniques.
